View metadata, citation and similar papers at core.ac.uk

-
brought to you by .{ CORE

provided by Lancaster E-Prints

Outage Constrained Robust Beamforming Design
for SWIPT-Enabled Cooperative NOMA System

Binbin Su*, Qiang Ni*, Wenjuan Yuf, and Haris Pervaiz*
*School of Computing and Communications, Lancaster University, Lancaster LA1 4WA, U.K.
fInstitute for Communication Systems, University of Surrey, Guildford GU2 7XH, U.K.

Abstract—We investigate the robust beamforming design
for a simultaneous wireless information and power transfer
(SWIPT) enabled system, with the cooperative non-orthogonal
multiple access (NOMA) protocol applied. A novel cooperative
NOMA scheme is proposed, where a strong user with better
channel conditions adopts power splitting (PS) scheme and
acts as an energy-harvesting relay to forward the decoded
signal to the weak user. The presence of channel uncertainties
is considered by introducing the outage-based constraints of
signal to interference plus noise ratio (SINR). Specifically, it is
assumed that only imperfect channel state information (CSI)
is known at the base station (BS), due to the reason that the
BS is far away from both users and suffers serious feedback
delay. Our aim is to maximize the strong user’s data rate, by
optimally designing the robust transmit beamforming and PS
ratio, while guaranteeing the correct decoding of the weak user.
The proposed formulation yields to a challenging nonconvex
optimization problem. To solve it, we first approximate the
probabilistic constraints with the Bernstein-type inequalities,
which can then be globally solved by two-dimensional exhaustive
search. To further reduce the complexity, an efficient low-
complexity algorithm is proposed with the aid of successive
convex approximation (SCA). Numerical results show that
the proposed algorithm converges quickly, and the proposed
SWIPT-enabled robust cooperative NOMA system achieves
better performance than existing protocols.

Index Terms- Cooperative non-orthogonal multiple access
(NOMA), simultaneous wireless information and power transfer
(SWIPT), outage-based constrained optimization.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has been pro-
posed as an emerging multiple access candidate for future
wireless communication systems owing to its potential to
significantly improve spectral efficiency [1], [2]. Specifically,
NOMA was shown to be more beneficial than conventional
orthogonal multiple access (OMA) schemes in various aspects.
For example, in a downlink NOMA system, the base station
(BS) can send the superimposed information containing all
users’ messages, then the strong users obtain the prior informa-
tion of the weak users, after applying successive interference
cancellation (SIC) to remove the co-channel interference. The
obtained prior information at the strong users can then be fully
exploited with a cooperative transmission scheme, to improve
the weak user’s reception reliability [3].

Furthermore, since energy efficiency is another primary
objective of the fifth-generation (5G) communications, si-
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multaneous wireless information and power transfer (SWIP-
T) has received considerable attention [5]. Specifically, the
combination of SWIPT with NOMA has been studied by
considering that NOMA users can perform energy harvesting
(EH) with the received signals. For instance, a cooperative
SWIPT NOMA protocol was investigated in [6], in which
near NOMA users act as relays to help far NOMA users with
the energy from EH instead of draining their own batteries.
In [7], considering a cooperative multiple-input single-output
(MISO) SWIPT NOMA system, the authors maximized the
data rate of strong user' by jointly optimizing the power
splitting (PS) ratio and the beamforming precoding vectors
while guaranteeing the quality of service (QoS) demand of the
weak user?. However, all these studies assume that the BS has
perfect knowledge of channel state information (CSI), which
is quite difficult in reality due to channel estimation errors,
quantization errors and feedback delay [8]. By considering
a more practical scenario that the BS only knows imperfect
CSI, the robust beamforming design was investigated in [9]
for a MISO MC-NOMA network. The proposed design was,
however, studied without involving the introduction of SWIPT,
which serves as a key enabler of 5G and beyond.

Hence, it is natural and of great significance to investigate
the transmit beamforming design in a SWIPT-enabled coop-
erative NOMA system with channel uncertainties considered.
In existing literature, a common channel uncertainty model
is the outage-based formulation which requires the outage
probability of signal to interference plus noise ratio (SINR)
less than a given value. In this paper, we focus on a SWIPT-
enabled cooperative NOMA system. Since in wireless com-
munication systems, the downlink channel can be observed at
the receiver side and fed back to the BS via an uplink control
channel. Therefore, the main sources which cause imperfect
CSI include channel estimation errors and/or feedback delay.
Specifically, the common pilot with high transmit power is
adopted in the downlink channel and shared by all receivers
[10]. As a result, there is no channel estimation errors and
the CSI obtained at the receiver side can be accurate. Hence
we assume that all users perfectly know the CSI of downlink
channels in this paper. Despite channel estimations at the user
side are accurate, imperfect CSI may still result from feedback
delay in the feedback link. As the users are far from the BS, the

Here, the strong user means the user that is near the BS.
2Here, the weak user means the user that is far from the BS.
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BS suffers serious feedback delay, which results in imperfect
CSI at the BS side. On the other hand, since the two users
are quite close to each other, we can assume that the feedback
delay at the strong user, i.e., user 1, is negligible. Therefore,
user 1 can obtain perfect CSI of user 2, while imperfect CSI
is available at the BS. We aim at designing the robust transmit
beamforming to maximize the strong user’s rate, based on the
condition that the weak user’s signal can be correctly decoded.
Specifically, the contributions of this paper are summarized as
follows:

o A SWIPT-enabled cooperative NOMA system is studied,
with only imperfect CSI available at the BS. More
specifically, the problem is formulated to optimize robust
transmit beamforming design to maximize the strong
user’s data rate by modeling the channel uncertainties
as the outage-based probability constraints. Further, in
order to guarantee the correct decoding of the weak user,
we require that the decoding failure probability for the
weaker user’s signal must fall below a given outage value.

o To solve the intractable formulation, semidefinite relax-
ation (SDR) technique is firstly employed to linearize
the quadratic terms in the SINR expression. We then
derive an efficiently computable convex approximation
of the original problem with the Bernstein-type inequality
method, which can be globally solved. To avoid the high
complexity, the successive convex approximation (SCA)-
based method is proposed to iteratively solve the problem.

o Numerical results demonstrate that the proposed beam-
forming design is robust against channel errors com-
pared to other schemes. Furthermore, the proposed low-
complexity algorithm can achieve near-optimal system
performance.

II. SYSTEM MODEL

We consider a downlink time division multiple access
(TDMA) MISO transmission network, as shown in Fig. 1,
wherein the N;-antenna BS communicates with multiple users
which are equipped with single antennas. There are two users
in each beam and the BS performs MISO transmission with
K users through M beams, where K = 2M. Since TDMA
scheme is adopted for the whole system, there is no inter-cell
interference between beams, we can just focus on one beam.

Let us take the first beam as an example. NOMA protocol is
applied for two users. Without loss of generality, it is assumed
that user 1 is a strong user and user 2 is a weak user. According
to NOMA protocol, SIC is carried out at user 1, i.e., it first
decodes the message of user 2 and removes user 2’s message
from the received signals, while user 2 treats user 1’s message
as noise.

Two phases are included in this SWIPT-enabled robust
cooperative  NOMA transmission. At the robust direct
transmission phase, user 1 coordinates the process of
information decoding (ID) and EH by adopting PS scheme.
Specifically, as can be seen in Fig. 1, user 1 splits and
directs the received signal into the information decoder and
the energy harvester. As for user 2, it receives the direct
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Fig. 1. System model for the SWIPT-enabled cooperative NOMA.

transmission signal from the BS at this phase. Then in
the cooperative transmission phase, user 1 consumes the
harvested energy to forward the decoded user 2’s message to
user 2. The detailed process is summarized as follows.

A. Robust Direct Transmission Phase

During this phase, the signals for two users are superposi-
tioned at the BS, i.e., * = wix1 + waoxo, Where x1 and o
are the intended messages for the two users, and the transmit
power is normalized, i.e., E|jz1||> = Ellzz|®> = 1, and w;
and wo are the corresponding precoding vector. Then, for the
weak user, i.e., user 2, the observation is given by

yél) = hi (wiz) + waxs) + na, (D
where hy € CN* is the channel coefficient between the BS
and user 2, hf denotes the Hermitian transpose of hs, and
ny ~ CN(0,1) is the additive white Gaussian noise (AWGN).
In this paper, it is assumed that all channels have the same
noise value as o2 = 1. Then the received SINR at user 2 from
the direct transmission can be expressed as

2
|hy ws|

SINRY! = =22 .

2

Due to the assumption that there is not enough power to
forward the signal of xo to user 2, user 1 needs to replenish
the energy from the received signal based on the ’harvest-
then-transmit’ strategy proposed in [11]. With PS scheme
employed, the received information at user 1 is given by

y1 = /1 — Bhi (wiz) + waxs) + 1y, 3)

where 3 € [0,1] denotes the PS ratio, and ny ~ CN(0,1) is
the AWGN. With SIC carried out, user 1 firstly decodes the
message for user 2 and then removes the information of user
2 to decode its own information. Then, the obtained SINR for



user 1 to detect user 2’s message can be expressed as
2
(1— ﬂ)|h11{w2|
5.
L+ (1= B)|hy'w,|

After removing the message of user 2 from y;, the correspond-
ing signal to noise ratio (SNR) of user 1 is given by

SINR, » = @)

SNR; = (1 — B)|hfw; [, )

which will be our optimization objective in the next section.
In addition, to ensure the correct decoding ability in a given
order, we have the inequality requirements [12] as below:

2 2
|hfws|” > [hiw, |, (6a)

2 2
|hS wo|” > |hg ws | (6b)

Furthermore, with PS protocol applied at user 1 to harvest
energy from the BS, the harvested energy is given as

E = (B(|h{wy|* + | ws|*)T, (7)

where ¢ and T denote the EH efficiency and the transmission
time fraction, respectively. Without loss of generality, we set
(=1land T = % which means that equal time duration is
assigned for direct and cooperative transmission stages. Hence,
the available average power of user 1 can be expressed as

::C50h¥wﬂ2+ﬂhfw2ﬁﬂﬂ
1-T (8)
= B(|h{'w1]? + |hi wa|?).

It is worthwhile to point out that only when user 1
can successfully detect the signals of two users received
from the BS, it can then forward the signals to user 2
utilizing the harvested energy. This means that it is more
important for user 1 to decode the signals than performing EH.

P,

B. Cooperative Transmission Phase

In the cooperative transmission phase, user 1 forwards the
signal x5 to user 2 using the harvested energy. The observation
of user 2 at this phase can be characterized as

952) = v/ P.gx2 + ns, &)

where P, is the available power of user 1, g is the perfectly
known channel coefficient between user 1 and user 2, and
ns ~ CN(0,1) is the normalized AWGN. The obtained SNR

of user 2 at this phase is
SNRY = Blg*(|hi'wil” + [hi'ws*).  (10)

Combining the observation from both phases and using
maximal ratio combination (MRC), the equivalent SINR of
user 2 can be finally obtained as

SINR, = SINRS" + SNR{?
2
Ry ws|

= 22 Bl (P + (Al s ).
1+|h2 w1|

Y

In the next section, our aim is to maximize the achievable
data rate of user 1, which is equivalent to maximize the user
1’s SNR, subject to the outage-based constraints.

III. OUTAGE-BASED CONSTRAINED OPTIMIZATION

In this section, the outage-based probabilistic constraints
caused by imperfect CSI will be investigated, where the
unsuccessful decoding of weak user falls into the scope of
outage. The objective is to design robust transmit beamforming
vectors w; and ws to maximize the achievable data rate of
user 1, which is equivalent to maximize user 1’s SNR while
guaranteeing the outage requirements. Specifically, the outage
for strong user happens when it fails to decode the weaker
user’s information, while for the weak user, the outage means
that it can not successfully decode its own information.

The study of outage-based robust transmit optimization is
a meaningful design criterion as CSI errors are prevalent in
system design, and they can result in severe outage if not
controlled appropriately. However, as the probability functions
cannot yield straightforward closed-form expressions, how to
deal with the intractable probabilistic constraints is of vital im-
portance. To tackle the problem, we will adopt Bernstein-type
inequality approach to transform the probability constraints. It
has been proved in [13] that the Bernstein-type inequality can
get a rank-one solution which means we can drop the rank-
one constraint with the application of SDR. We formulate the
robust transmit beamforming design problem as follows:

P1:  max (1= B)|hiw:|? (12a)
,W1, w2

st. Pr(SINRys>7)>1-—p, (12b)

Pr(SINRy > v) > 1 — po, (12¢)

llwa|[5 + w23 < Praz, (12d)

W ws|* > |h |, (12¢)

2 2
\hiw,|” > R wy|”, (12f)
0<p<, (12g)

where - is the target SINR of user 2, p; € [0,1), i =1,2, is
the maximum tolerable outage probability for two users, and
P ax 1s the maximum available transmit power at the BS.
Constraints (12e) and (12f) represent the decoding capability
requirements [12].

To solve the problem P1, we first relax it by applying SDR
approach. Specifically, we replace the beamforming vector w;
by semidefinite positive matrices W, i.e,

W, =ww i=1,2. (13)

Then, with imperfect CSI at the BS, the channel error models
are assumed to be e, ~ CN(0,C;),i = 1,2, where the given
error covariance C; = 0. Hence, the channels can be further
denoted as: )

h;=h;+C?e, i=12. (14)
where h; is the practical channel gain, h; is channel estimation
at the BS and e ~ CN(0, Iy,).



By replacmg h; with h; + C 26 and denoting that I' =

(hy + 02 e)1(Wy — yW1)(hy + 02 e), the probabilistic
SINR constraint (12b) can be recast as

Pr <F>_5>21—p1

As the other outage-based SINR constraint (12c¢) has a more
complicated form, we transform it by introducing an auxiliary
variable 6. Firstly, (12c) is decomposed into the following two
sub-problems:

Pr {Blgl (A wi[* + A wal?) > 7= 0} > 1 - pa, (160

15)

|3 ws|?
|hf'w1 |2 +1
where the optimality of the decomposition can be assured
when (16b) holds with equality. It is easy to notice that (16a)

has the same form as (12b). Furthermore, with the application
of SDR, (16b) can be described as

OTr(HoWo) < Tr(H W) — 6,

whereHlfhhH 1=1,2.

Further, by introducing several auxiliary variables, i.e, Q;,
r; and s;,7 = 1, 2, the following correspondence to (12b) and
(16a) can be shown

0, (16b)

A7)

Q,=C17(Wy—yW1)C; 7, (18a)
r = C17(Wa — YW 1)hy, (18b)
s1=hy (Wo — yW1)hy — ﬁ (18¢)
Q,=C1? (W, +W,)C: 2, (18d)

— C13 (W1 + Wy)hy, (18e)
szzizfl(Wﬁwg)ﬁl—;;'f. (18f)

Finally, the original probabilistic outage constraint (12b)
and the reformulated (16a) can be written as the following
structure

Pr {eHQie + 2Re{eflr;} +s5; > O} >1—p;i=1,2.
(19)
A. Bernstein-type inequality method

To deal with a probabilistic constraint that has a form as
(19), in this section we adopt the Bernstein-type inequality to
make a convex approximation. Firstly, the following lemma
is introduced which serves as a basis [14]:

Lemma I: Lete € CN(0,1,), Q € H" and r € C". Then,
for any £ > 0, we have that
Pr{eQ,e + 2Re{ef'r;} > T(e)} > 1 —e ¢, (20)
where function T is defined as:

T(e) = Tr(Q:) — V2e\/[|Ql% +2lImil|> =A™ (@), D)

with AT(Q;) = max{A\max(—Q;),0} and \,0.(—Q);) be the
maximum eigenvalue of —Q,.

The above inequality is the well-known Bernstein-type
inequality, which can also be expressed by the inverse mapping
T~ as follows due to the monotonically decreasing charac-
teristic of T(e):

Pr {eHQie + 2Re{eHri}+si >0} >1—e " (=s). (22)

It is easy to find that when =T ' (=si) < p; 1holds, the
inequality (22) is still satisfied if we replace e=7 (=% with

p;. By adopting the Bernstain-type inequality and using the
monotonically decreasing property of T, we can obtain that

Tr(Q;) — v/ —2In(p;)o + ln(pi))\+(Qi) +s; > 0. (23)

where 0o = /]|Q;||% + 2||r;||>. Furthermore, (23) can be
reformulated as the following convex conic inequalities:

Q.) — v —2ln(pi)t1 + In(pi)ta + s > 0, (24a)
VIRIE + 2|2 < t, (24b)

tol,, +Q; = 0, (24¢)

to > 0. (24d)

where t1,t2 € R are two introduced auxiliary variables.
Hence, one can note that the probabilistic inequality (19)
is transformed into efficiently computable convex restrictions
as (24a)-(24d). Finally, by applying the SDR approach and
Bernstein-type method, problem P1 is reformulated as

P2 Ly max (1-58)Tr(H,W,) (25a)
st Tr(Qq) — v/ —2in(p1)t1 + In(p1)ta + s1 > 0,

(25b)

VI@ull% + 22 < 1, (250)

todlp, +Q, = 0, (25d)

— v/ —2In(p2)t3 + In(p2)ty +s2 > 0, (25¢)

VIIQullZ + 212 < ts, (250)

talp, +Qy = 0, (25g)

ty > 0,14 >0, (25h)

OTe(H W) < Tr(H, W) — 25i)

Te(H, W) > Te(H, W), (25i)

Te(H, W) > Te(Ho W), (25K)

Tr(W1) + Tr(W2) < P, (251

0<8<1, (25m)

where @Q;, r; and s;,7 = 1,2, are defined as (18a)-(18f).

Remark 1: The optimal solution to problem P2 can be ob-
tained through two-dimensional exhaustive search of variables
5 and 6.

However, the complexity is too high for two-dimensional
exhaustive search, which motivates us to find a low-complexity
suboptimal solution with the help of SCA and arithmetic
geometric mean (AGM) in the next subsection.



B. SCA-based transformation

By applying epigraph reformulation and introducing two
auxiliary variables ;. an v, the objective function (25a) can be
recast as:

max u (26a)
s.t. Vi >, (26b)
1-5 v -0 26¢)

v Tl"(lel) -

Hence, (25a) is converted into a linear objective function of
(26a), a convex linear matrix inequality (LMI) of (26c) and a
nonconvex quadratic inequality (26b).

To approximate (26b), we first introduce a convex lower
bound for 2 by applying the first-order Taylor approximation,
ie.,

V2 > 2wy — (1(M)2 27

where (™) denotes the value of v at iteration n. By replacing
v? with the inequality (27), (26b) can then be approximated
by a convex constraint, which is given as

2wy — (pM)2 >y, (28)

In addition, by applying the AGM method, we can approxi-

mate the constraint (251) using the following convex function:
2 2

@\M0) + (Tr(H,W1)/al™)” < 2Tr(H, W) — 26, (29)

(n)

where the setting of a; ’ can be given by

o™ = /(T (EY W) fgtn), (30)

Now the remaining problem lies in (25¢), as the formation of
59 in (25e) is nonconvex. By introducing a slack variable &,
we can reformulate s, as

52 = Ry (W1 + Wa)h - Gt e
@&%f+@m?f<§ﬁ7 (31b)

where ai™ = /&Y /3(n=1)_ Here, (31b) is obtained with
the AGM-inequality method and the transformation process is
omitted.

With the above proposed approximation methods, the orig-
inal problem can be transformed to a convex program. During
iteration n, we need to solve the following convex optimization
problem:

P3: 32
pvbwiw, N G2
st 20y — (M2 > (32b)
1-06 v
v Te(H W] =Y (32¢)
(25b), (25¢), (25d), (25e), (250), (25¢),  (32d)

(25h), (25j), (25K), (251), (29), (31a), (31b). (32¢)

Finally, to solve the problem P3, we provide the SCA-based
iterative method, outlined as Algorithm 1.

Algorithm 1 SCA-based method to solve P3

I: Input: po = 0.001, vy = 0.0l n = 0, n = 1 and the
tolerance ¢ = 1073,

2: while n > ¢

3:  Update u™ by solving problem (32);

4: Set u" = "L

5. Update n = pu” —u»~ ' ;

6: Update n =n+1;

7: end while

8: Output: W1 and W35

IV. NUMERICAL RESULTS

In this section, we provide Monte Carlo simulation results to
evaluate the performance of the proposed robust algorithm for
a SWIPT-enabled cooperative NOMA system. We iteratively
solve the robust optimization problem for 2,000 times. It is
assumed that the BS has two antennas, i.e. [N; = 2, while user
1 and user 2 each has one. The estimated channel coefficient
can be modeled as hy = §,d, *, k = {1,2}, where dj, is
the distance from the BS to the k-th user, « is the path loss
exponent. We set a = 2.5 and g, follows Rayleigh fading
distribution. Without loss of generality, the bandwidth is set
to be IMHz. All the background noise power is assumed to be
1 Watt, and the transmit power is shown in dB. Furthermore,
in order to provide comprehensive studies, the noncooperative
NOMA and TDMA schemes, with robust and non-robust
beamforming design, are all introduced to compare with the
proposed robust cooperative NOMA scheme.

We firstly provide insight on the convergence property of
the proposed algorithm. As can be observed from Fig. 2,
it indicates that Algorithm 1 can converge to the maximum
value within 3 iterations, which proves the effectiveness of
the proposed algorithm.

In Fig. 3, the impact of the error variance is shown.
Specifically, we set error covariances C; and C5 be the
same value as e%, the desired data rate of user 2 as 1 Mbps,
the available maximum power at the BS be 20dB, and the
outage is set to be 0.1 which means that the system has
a chance of 90% or higher probability to satisfy the SINR
requirements. The figure illustrates that the proposed SCA-
based Algorithm 1 obtains similar performance as exhaustive
search method, but has significantly reduced computational
complexity. Furthermore, we can observe that although the
user 1’s maximum achievable rate decreases for all of the
schemes when the error variance becomes larger, the benefit of
using the proposed SWIPT-enabled robust cooperative NOMA
scheme becomes more significant since the difference gap be-
tween the proposed model and the other two schemes becomes
bigger. Moreover, both of the NOMA schemes illustrated in
this figure yield better performance than TDMA which shows
the advantage of applying NOMA in the outage-based robust
transmit beamforming design.

To thoroughly investigate the performance of the proposed
system model, Fig. 4 illustrates the maximum achievable rate
of user 1 versus the available transmission power at the BS
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for the following schemes: the proposed robust cooperative
NOMA, cooperative NOMA with perfect CSI, robust nonco-
operative NOMA, noncooperative NOMA with perfect CSI,
classical robust TDMA and TDMA with perfect CSI. First,
it demonstrates that when perfect CSI is available at the
BS, cooperative NOMA outperforms noncooperative NOMA
when the transmit power is small and achieves the same
data rate when transmit power excesses 20 dB. Moreover,
Fig. 4 indicates that the proposed robust cooperative NOMA
system always achieves better performance than the robust
noncooperative NOMA and TDMA, which means that it is
beneficial to adopt the cooperative transmission design for the
scenarios with only imperfect CSI available.

V. CONCLUSION

In this paper, we investigated the robust transmit beamform-
ing and PS design to maximize the strong user’s achievable da-
ta rate for a SWIPT-enabled cooperative NOMA system with
channel uncertainties considered. The formulated problem was
first transformed into a more tractable form with the SDR
technique. Specifically, the Bernstein-type inequality was ap-
plied to transform the probabilistic constraints into manageable
and computable approximations that can be globally solved by
two-dimensional exhaustive search. Finally, an iterative low-
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Fig. 4. Achievable rate of user 1 vs. transmit power with v=1.

complexity algorithm was developed to reduce the high com-
plexity, which provided near-optimal performance. Numerical
results proved the superiority of the proposed SWIPT-enabled
cooperative NOMA design over other schemes.
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